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introduction the development of most ecological theory relies on the study of small-scale patterns of distributions (schneider, 1994) . however, due to the scale-dependent nature of the processes shaping the communities, it is not possible to infer patterns or mechanisms operating at larger scales from the knowledge obtained at small scales (hughes et al., 1999; Fraschetti et al., 2005; Giménez et al., 2005) . thus, the starting point to uncover regional and global phenomena involves the determination of large-scale (hundreds to thousands of km) patterns of distribution of species and community attributes. due to technical difficulties, large-scale patterns of distribution in the marine habitat are not well-known, especially in the southern hemisphere. in particular, in intertidal habitats, research on large-scale variability in populations and communities focuses on latitudinal gradients in coastal oceanic areas, associated with gradients in solar irradiance, temperature, disturbance history or production (hughes et al., 1999; Bustamante and Branch, 1996; Broitman et al., 2001; Benedetti-cecchi, 2001) .
the effect of salinity gradients on rocky-shore benthic communities is less well-known. most studies of gradients in estuarine areas are concerned with small-scale patterns and soft-sediment fauna (but see Wallentinus, 1991) . in soft sediments, gradients in species richness are observed along estuaries, with a minimum salinity of around 3-4 (reviewed in remane and schlieper, 1971) . correlations between macrofaunal groups and salinity have been found in several estuaries (mannino and montagna, 1997; ysebaert et al., 2003) . macrofaunal richness may reach minimum values (1) at an ecophysiological boundary (horohalinicum) at a salinity of 4-8 (remane and schlieper, 1971), or (2) at sites characterised by high variability in salinity (Attrill, 2002) .
the uruguayan coast gives a unique opportunity to study how large-scale patterns of distribution of rocky intertidal benthic organisms change in an estuarine gradient. A large-scale salinity gradient of about 500 km extension is caused by the río de la Plata and its estuarine zone. the estuary of río de la Plata is by far the largest of all estuaries of the western south Atlantic, draining the second largest basin of south America (Guerrero et al., 1997a; mianzan et al., 2001) . this is a coastal plain estuary with a quasi-permanent salt-wedge regime and a river funnel 280 km long and 80 to 230 km in cross-section. surface salinity varies seasonally, and is controlled by winds, river discharge and coriolis force, while bottom salinity does not vary seasonally and is controlled by bathymetry (Guerrero et al., 1997a) . the estuary is divided into an inner fluvial sector and an outer mixo-haline sector by an estuarine frontal zone located within two front-lines: the main turbidity front and the secondary main front (severov et al., 2003; Lappo et al., 2005) . this frontal zone moves river-and seaward depending on the river flow and winds, and its location roughly matches the 0 and 10 surface isohalines, slightly seaward of the bottom salinity front (Framiñan and Brown, 1996; nagy et al., 2002) . there is in addition a surface marine front located seaward, extending for several kilometres and occupying a wider area.
our objective was to investigate the large-scale patterns of horizontal variation in community structure of the rocky intertidal communities along the freshwater-estuarine-marine gradient of the río de la Plata and Atlantic uruguayan coastline. For this region studies on intertidal rocky shore are scarce (maytía and scarabino 1979, Borthagaray and carranza, 2007) . We explored the relationships between salinity and species richness and investigated whether macrobenthic community structure varied in relation to the estuarine and marine fronts.
mAteriALs And methods

Study area
the study area comprised nine rocky shores (= sites) selected at random so that three sites were sampled in each sector of the coast (west-freshwater, central-estuarine, and east-oceanic). however, we avoided sites located near the main coastal cities (montevideo, Piriápolis, Punta del este, La Paloma) in order to reduce effects of human disturbance on the observed patterns. From west to east, the sites were: colonia, Punta del rosario, Punta espinillo, Atlántida, Punta colorada, Punta Ballena, josé ignacio, La Pedrera, and santa teresa (Fig. 1) . Field sampling was carried out in september-november 2002 at low tide.
ten random transects perpendicular to the shoreline were defined along each rocky site, usually separated 10-50 m depending on the extent of the rocky habitat, which varied between 100 and 2000 m of alongshore extension (Fig. 1) . Within each transect, three contiguous intertidal levels were sampled. these levels were defined biologically, namely the mussel-macroalgal zone (lower intertidal), the barnacle zone (middle intertidal) and the lichen zone (upper intertidal).
For each level, within each transect we defined an area (= station) located in the centre of each biological zone delimited by a frame of 0.1 m 2 surface area (Fig. 1) . the biological zones are narrow on the uruguayan coast (1-3 m depending on substrate slope), most likely due to the microtidal regime. organisms were collected at stations in the lower intertidal zone by scraping until all organisms were removed; individuals at stations in the barnacle zone and the upper intertidal zone were identified in situ. When crevices, holes or boulders were included in our samples we inspected them visually and collected individuals by hand.
collected organisms were fixed in 5% formalin and taken to the laboratory for identification. species identification was done following appropriate keys and updated taxonomic lists (for molluscs rios [1994] , scarabino [2004] and scarabino et al. [2006] ; for polychaetes nonato and Amaral [1979] ; for crustaceans Boschi et al. [1991] ; and for macroalgae coll and oliveira [1999] ). At all sites, salinity was measured with a horiba u-10 multiparameter sensor.
Data analysis
data were analysed as presence-absence per transect and by proportion of occurrence per site (= number of transect where a species was present divided by 10). there were two reasons for collecting qualitative but not quantitative data: Firslty, it was not possible to quantify the area sampled within several microhabitats such as crevices and holes. secondly, in order to reduce any temporal source of variation in the data, we attempted to survey all sites as fast as possible. since abundance of rocky shore organisms varies considerably at smaller scales (Fraschetti et al., 2005) , reliable quantitative data can be only obtained from replicate samples within each transect and level, thereby increasing the time necessary to cover the whole coast. on the other hand, at small scales patterns of presence/absence may not be as variable as patterns of abundance.
Presence/absence matrices per transect were constructed by pooling the data from each of the three sampled intertidal levels. the reason for this was that in the west sector, barnacles were not present and organisms were found only in tidal pools. in this sector, biological levels were not clear at all, so comparisons of fauna per biological level were not possible.
We tested the hypothesis that species composition varied among sectors using canonical analysis of principal coordinates (cAP: Anderson and Willis, 2003) using the jaccard index of similarity. Analyses were run using all species as well as separately by functional groups: macroalgae, sessile fauna and mobile fauna.
For macroalgal data we were not able to reach the species level as for faunal data, so our analysis based solely on that dataset may show a blurred picture of the assemblage structures. in order to check our results with an independent dataset, we used that from the annotated list of macroalgal species of the uruguayan coast given by coll and oliveira (1999) . data provided by coll and oliveira (1999) consist in presence/absence of 69 species sampled from 27 sites located along the central and east sectors of the uruguayan coast. For the multivariate analysis and sampling design at sites located within 3 sectors of the coast. At each site, 10 random transect perpendicular to the coast were sampled; samples within each transect covered three different intertidal levels. co: colonia, ro: rosario, es: Punta espinillo, At: Atlántida, Pc: Punta colorada, Ba: Punta Ballena, jo: josé ignacio, Pe: La Pedrera, te: santa teresa.
of coll and oliveira's dataset we constrained our dataset to 55 species present at more than one site, resulting in 21 sites containing at least 1 species. We constructed a matrix of presence/absence (55 species x 21 sites) and used cAP and the jaccard index to determine whether macroalgal assemblages differed between regions. relationships between species richness and salinity were analysed with the Pearson correlation and linear regression (zar, 1996) . We recognise that our records of salinity reflected an instantaneous situation and may not represent the most common conditions at each site. in order to solve this problem, we evaluated relationships between salinity and species richness using historical data from the uruguayan coast, taken from the hydrographical atlas of Guerrero et al. (1997b) comprising 2939 stations from 39 cruises carried out during the last 30 years. these data are provided as mean, minimum and maximum values per season in quadrants of 0.5° length: for our comparisons we therefore used the mean, minimum and maximum values of salinity from the quadrants that included our sampling sites: these values are given in table 1. We used moran's i to measure the spatial autocorrelation in the regression residuals, treating the latitude and longitude for each rocky point as the x-y coordinates. When regression residuals are spatially autocorrelated, an explicit spatial regression is needed, in order to control for bias that spatially structured data may cause. however, when regression residuals are not spatially autocorrelated, further analysis by spatial regression is not necessary or informative (diniz-Filho et al., 2002) . regression residuals were examined for spatial autocorrelation based on moran's i for a connectivity matrix constructed under the distance criterion. All spatial statistics were carried out using sAm v1.1 (rangel et al., 2006) , freely available at www.ecoevol.ufg.br/sam. cumulative richness curves were used to check how sampling effort affected our estimations of total richness and richness per sector (Gotelli and entsminger, 2004) . resuLts total species richness was 47 species (± conf. int. = 42-49) and increased from west to east (Fig.  2a) ; this was most notable for sessile fauna and macroalgae. rarefaction curves showed a similar pattern (Fig. 2b ) so that the species richness increased from west to east: in the west sector the predicted richness (13 species, ± conf. int.: 11-15 species) was lower than that of the central sector (25, ± conf. int: 24-26) and east sector (32 species ± conf. int.:29-34). rarefaction curves showed that we captured most of the species, with exception of the west sectors; however, in the west sector, we had many transects devoid of organisms. Table 1 . -salinity on the uruguayan coast and correlations with species richness. (a) salinity per site: the first four columns represent the average values for spring, for all seasons, and the maximum and minimum seasonal averages (source: Guerrero et al., 1997b) ; the last column contains the data collected in this study. (b) correlations between species richness and salinity using data from the respective columns: all correlations are significant (P<0.05) except the one between macroalgae richness and mean salinity in spring (P = 0.052). (c) species richness was positively correlated with salinity irrespective of the group considered (Fig. 3) ; a linear model explained a high percentage of variation for total macrobenthos and sessile fauna. salinities obtained from Guerrero et al. (1997b) and those recorded by us are shown in table 1. our values of salinity were slightly lower in comparison with the means per season, including the minimum seasonal means. however, correlations between the mean values of salinity, spring mean salinity (exception for macroalgae), maximum and minimum salinity and species richness were also highly significant and positive: species richness increased linearly towards sites with high salinity (table 1) . regression residuals were not significantly spatially autocorrelated in any of the regression analyses (P>0.06 in all cases). on the other hand, correlations between richness and the standard deviation of salinity were not significant (total richness: r = 0.35; sessile: r = 0.40; mobile: r = 0.23; macroalgae: r = 0.31; all P>0.05). canonical analysis of principal coordinates used on replicate transects significantly separated freshwater, estuarine and marine sectors with a success (cross-validation test: Anderson and Willis, 2003) of 80%, 94% and 86% respectively (Fig. 4) . Analysis for the functional groups separately (sessile fauna, mobile fauna and macroalgae) showed that the groupings were produced mainly by mobile and sessile fauna. mobile species (e.g. the snails Heleobia piscium, Chilina fluminea) and a sessile species (mussel Limnoperna fortunei) characterised the freshwater sector (Fig. 5, left panels) . in this sector organisms were found only in crevices and pools or under stones; rock surfaces were devoid of organisms. the species composition at Punta espinillo also included three decapod crabs, the isopod Pseudosphaeroma platense and the tanaid Sinelobus stanfordi.
the rocky intertidal zone of both estuarine and oceanic sectors exhibited a higher cover of a larger number of species. here, we also found a clear belt of the barnacle Chthamalus bisinuatus and another of mussels or macroalgae. common mobile fauna in these sectors were e.g. the polychaete Alitta (Neanthes) succinea, the amphipod Hyale grandicornis and the isopod Idotea balthica, while common sessiles were the mussels Mytilus edulis and Brachidontes rodriguezi (Fig. 5, right panels) .
the estuarine sector was characterised by sessile species (e.g. the mussel Brachidontes darwini- anus; and the barnacle Amphibalanus (Balanus) improvisus and the bryozoan Membranipora sp., both epibionts on mussels [ Fig. 6, left panel] ). the marine sector was characterised by mobile species, e.g. two polychaetes species (Halosydnella sp. and a syllid worm) and nemertine worms, possibly Lineus rubber, within the algal and mussel canopy. Furthermore, the gastropod Lottia subrugosa (Acmaea subrugosa in maytía and scarabino, 1979) was found in crevices within the barnacle belt and in the mussel-algal canopy (Fig. 6, right panel) . the two easternmost sites, La Pedrera and santa teresa, shared species in low frequency such as the gastropod Echinoilittorina lineolata (Littorina ziczac in maytía and scarabino, 1979), the crab Pachycheles haigae, a caprellid amphipod and two undetermined sea anemones. E. lineolata occurred mostly among barnacles or in crevices, P. haigae was found mainly within the algal-mussel canopy, and the anemones were found in tide pools or under crevices in the lower intertidal. macroalgae did not clearly separate sectors as in the case of fauna. however, Enteromorpha sp. tended to be more common in the central sector, while Ulva sp. and Corallina officinalis characterised the east sector (Fig. 7) . other important algae were Pterocladia capillacea and Polysiphonia sp. multivariate analysis (cAP) based on the annotated list of macroalgae of the uruguayan coast showed a significant (Fig. 8a) . the canonical scores were negatively correlated with the species richness per site (Fig. 8b) , suggesting that the observed structure was associated with a reduction of the macroalgae diversity. About 87% of the macroalgal species had a negative correlation with the canonical axis (Fig. 8c) , showing that the structure was due to macroalgae being more frequent in the east sector; the remaining species did not strongly correlate with that axis (r<0.6). indeed, the assemblage of macroalgae present in the central sector was a subsample of the species pool found in the east sector.
discussion our results showed a large-scale (+ 500 km) pattern of macrobenthic community structure in relation with the salinity gradient produced by the río de la Plata and the Atlantic ocean. the gradient led to a linear increase in species diversity with increasing salinity. there was a clear differentiation of freshwater vs. estuarine/marine communities associated with the estuarine front; concerning the outer marine front, there was a differential role of functional groups on the subdivision of estuarine and marine assemblages. At large scales pelagic conditions appear to affect the structure of rocky intertidal communities.
Salinity-richness relationships
the first clear pattern was an almost linear increase in species richness from freshwater to marine sites. this pattern is robust, as it was significant when we used our records of salinity, the long-term mean values for spring (exception for macroalgae), and maxima or minima. therefore, the observed pattern may reflect long-term and large-scale variations in environmental conditions existing in the uruguayan coast.
Freshwater habitats were characterised by a few species, while in estuarine or marine habitats there was a larger number of species. this is consistent with the findings of maytía and scarabino (1979) for macrofauna and coll and olivera (1999) for macroalgae from estuarine and marine sites. therefore, the patterns of community structure reported agree with these historical data. the pattern found here contrasts with that of remane (remane and schlieper, 1971), considered as general for subtidal zones of estuaries, because we did not find a maximum species richness at the freshwater extreme. therefore, the hypothesis of horohalinicum cannot explain alone the observed patterns: although richness is low at the ecophysiological boundary of 4-8, it is lower at salinities <4. the pattern recorded here does not fit with the one of Attrill (2002) : although species richness is low at sites with the high salinity variation, lower values are found at freshwater sites, with low salinity variation. the pattern of species richness instead followed that reported for the Baltic sea for macroalgae (Wallentinus, 1991) . the reason for this discrepancy may lie in the particular conditions characterising the rocky intertidal zone (e.g. desiccation through exposure to air) or the río de la Plata ecosystem (e.g. high turbidity in the freshwater sector).
Benthic community and fronts: freshwater vs. marine-estuarine communities
there was a clear differentiation between freshwater and estuarine/marine communities, most likely as a consequence of differential adaptations to salinity conditions. communities may be differentiated if they have clear habitat boundaries or if they are identified by dominant indicator species (morin, 1999) . species found in the west sector were all of freshwater origin, differentiating a community separated from those of the central and east sectors. the differentiation of these communities was clearly associated with the area of location of the estuarine fronts and the isohaline of 5 of the río de la Plata river estuary (Guerrero et al., 1997a; mianzan et al., 2001) : these features are located between Punta espinillo (easternmost site of west region) and Atlántida (westernmost site of central region).
differences in abundance between these communities suggest that the local processes affecting them are different. in other regional studies, mesoscale oceanographic structures associated with upwelling or downwelling (menge et al., 1997, 2003) or wave action (Bustamante and Branch, 1996) affect local processes through changes in the nutrient levels, the larval supply or the trophic structure. in the freshwater habitat, most species were mobile and occupied the upper littoral pools or large crevices, suggesting that desiccation may preclude colonisation of exposed habitats. the lack of a cover of ses-sile species on exposed habitats must have limited the distribution of mobile species to littoral pools or crevices. Wave action, responsible for reducing desiccation stress in the higher intertidal zone (raffaelli and hawkins, 1996) , is low in comparison with that at the estuarine-marine sites. changes in tidal amplitude should not explain the observed pattern since in the uruguayan coast the highest tidal amplitude is expected in the west sector (30-60 cm in the west sector ca. 15-30 cm in the central sector and <15 cm in the east sector: see o'connor, 1991). highly turbid waters in this sector may reduce growth of suspensivores (robinson et al., 1984; ellis et al., 2002) and limit primary production. Limits to dispersion of larvae of species with complex life cycles due to differential transport or physiological tolerance should be also taken into account to explain the limits of distribution (roughgarden et al., 1988; Giménez, 2003) .
on the other hand, biological interactions (e.g. facilitation, competition, herbivory) must be important in the estuarine-marine community. here, sessile species such as barnacles, mussels and macroalgae covered the exposed rocks. mobile species were not limited to crevices or pools: polychaetes, amphipods and isopods were present within the beds formed by sessile species. these sessile species must act as physical bioengineers (sensu jones et al., 1994) , further increasing the habitat available for mobile fauna. Facilitation by mussels appears to be important in explaining the meso-scale distribution of predatory crabs (Broitman et al., 2001) . recent work shows that mussels play a central role in the patterns of distribution of mobile species on the oceanic coast of uruguay (Borthagaray and carranza, 2007) .
Benthic community and fronts: functional group-dependent assemblage patterns the differentiation among estuarine and marine assemblages roughly corresponds to the sectors defined by maytía and scarabino (1979) . these two assemblages may not be considered different communities since they shared a large number of species and changes in presence/absence patterns along the shore were gradual. this is consistent with the fact that the gradient in this front extends over a larger distance.
our analysis suggested that the differentiation depended on the functional group considered. the species that characterised the estuarine sites were all sessile invertebrates, while mobile invertebrates characterised the east sector. thus, it seems that apart from osmotic stress, the processes affecting mobile fauna and macroalgae are different that those affecting sessile fauna. on the uruguayan coast there is still no experimental research aimed at evaluating the causes of patterns on rocky shores. thus, it is only possible to advance hypotheses about the potential processes responsible for these patterns. sessile species are affected by space competition among other factors (raffaelli and hawkins, 1999) . the association between B. darwinianus, and the epizoic species B. improvisus and Membranipora sp. characterising the estuarine sector may be explained as follows: low and variable salinities should exclude the mussels M. edulis, P. perna and B. rodriguezi as well as epizoic macroalgae. such exclusion may favour colonisation of rock surfaces by another mussel, B. darwinianus, and colonisation of mussel surfaces by B. improvisus and Membranipora sp. Both B. darwinianus and B. improvisus are ubiquitous intertidal and subtidal estuarine species (maytía and scarabino, 1979; riestra et al., 1992) ; B. improvisus is a known euryhaline species (Leppäkoski, 1999) . Alternatively, colonisation of mussel surfaces by algae and barnacles may depend on the specific host.
A different explanation must be put forward for mobile fauna and macroalgae. on the one hand the observed pattern may be purely a consequence of differential osmotic adaptations or changes in wave action. on the other hand, mobile fauna in particular may be limited by food or habitat conditions provided by macroalgae: grazers such as limpets and littorinid snails should be limited by food sources. these hypotheses should be evaluated by combinations of field and laboratory experimental approaches. concLusions in conclusion, large-scale gradients in salinity and near-shore hydrological structures (e.g. fronts) may affect the richness and structure of intertidal communities on the uruguayan coast. the correlations between species richness and salinity suggest that the combination of salinity and other factors (e.g. turbidity, desiccation) should be taken into account to explain diversity gradients in estuaries. the position of the estuarine front is important to explain horizontal patterns and processes organising these intertidal communities.
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